Research on electric vehicle and plug-in electric vehicle battery charging is often focused on charging speed; less discussed is the charging efficiency which impacts energy consumption and cost. This paper proposes a minimum loss charging strategy, considering the charging time constraint, for the combined battery and charger system. Compared with many other complex strategies, the proposed method selects the optimal charging current and voltage for the common constant current, constant voltage charging scheme, and is therefore very easy to implement. The approach also includes the impact of charger which was often neglected in the previous works. The algorithm is tested in simulation and the approach is verified in experiment. The results show it can benefit both the fast station charging and slow overnight charging.
Introduction
Battery based electric vehicles (EV) and plug-in hybrid electric vehicles (PHEV) promise to be a solution to the energy and environment issues associated with petroleum based vehicles. A key enabling technology for the pervasive use of EV/PHEV is battery charging infrastructure and fast charging technology [1] . Much research has been conducted on charging technologies with focus on charging speed, battery model, and state of charge (SOC) identification [2] - [5] ; less discussed is the energy efficiency of the charging, which should be important for EV/PHEV as batteries are after all energy sources and charging load will become significant load for the electric grid. Ref. [6] [7] measured charging efficiencies of various types of batteries, typical ranging in mid-90%. Ref. [8] analyzed optimal charging profile to maximize the energy efficiency for battery; while providing insight, including temperature effect, into efficiency, the paper also pointed out the complexity of many proposed charging schemes and their limited improvement over the conventional constant current, constant voltage (CC-CV) method. In summary, the existing work evinces a need for a simple, easy to implement charging strategy for maximizing the energy efficiency. In addition, while there has been considerable work on battery chargers, the impact of the charger on charging profile and energy efficiency has not been considered. This paper focuses on developing an easily implementable charging profile with minimum energy loss. Based on the convenient CC-CV charging that is shown to be nearly optimal [8] , a selection criterion for charging current and voltage is developed, for any given initial and final SOC. The charger's impact on the charging efficiency is also considered.
Charging System and Loss Model
This paper addresses a basic question: for a required charging action from an initial SOC to a final desired SOC within a given time constraint, what will be the optimal charging current and voltage in a CC-CV charging scheme that will result in the lowest energy loss and highest efficiency. Obviously, the answer will depend on the specific battery and charger to be used, given that there are many different types of batteries and chargers available. In this paper, we use an example system to establish the methodology, and the approach can then be extended to other systems. Figure 1 . Battery equivalent circuit model.
Battery and Loss Model
The battery chosen for this study is Li-ion type which is an increasingly preferred choice in EV, PHEV, and hybrid EV. The battery model is obtained by scaling the battery cell model in [9] to the capacity and voltage rating comparable to that of the Nissan LEAF. The equivalent circuit for the battery model is shown in Figure 1 , where the left circuit represents the SOC estimator and the right represents the battery V-I characteristics. All circuit parameters depend on the SOC, represented by the normalized V soc . The parameters used in this paper are determined by equations (1) through (6) , which represent a battery pack of 192 cells (96 cell pairs in series, each cell pair consisting of two paralleled cells). The total capacity of 66.2 Ah corresponds to 24 kWh as in the case of the Nissan LEAF. The impacts of discharging resistance R 0 and temperature are neglected for clarity and can be included in future with more complex model parameters. R 0 is related to battery lifetime but does not impact charging process much. Note the units for voltage, resistances and capacitances in equations (1) under CC-CV mode with different charging currents Ic measured by the C-rate. C-rate is used to scale the charge and discharge current of a battery; 1.0 C-rate current charging corresponds to a battery full capacity charging in 1 hour.
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Charger and Loss Model
A 50 kW charger corresponding to Level III charging is selected in this study to cover the wide range of charging currents. A three-phase 208V AC to 400V DC PWM boost rectifier is used. Other topologies can be similarly used. The main design parameters are listed in Table 1 . The losses include the semiconductor conduction and switching losses, boost inductor loss, as well as the fixed loss for cooling and control. Their calculation models are in equation (9) through (12), developed based on [12] and Steinmetz equation for magnetic core loss. In equations (9) to (12) , M is modulation index;  is power factor angle;
, , , are static V-I characteristic parameters for IGBT and diode; is the total switching loss energy per switching cycle (including IGBT turn-on and turn-off loss, and diode reverse recovery loss), normalized for current and voltage; is switching frequency. Note when considering charger operating at unity input power factor and neglecting charger loss, the input three-phase AC power √ ⁄ will be equal to the output DC power in steady-state, resulting in √ ⁄ ⁄ . Figure 4 shows the designed charger efficiency varies with load or battery current. Clearly, the peak efficiency does not coincide with the full load efficiency, which is typical of a power electronic converter. The full load efficiency of 96.7%, which is typical for a three-phase IGBT converter, is significantly higher than those of the commercial chargers, partly because the isolation transformer is not included. Even with the favorable choice of charger, the overall charging efficiency at full 50 kW charging is 91%. The loss is significant during the charging process. 
Low Loss Charging Algorithm
Simulation
With the models established and verified against the published data, various charging scenarios can be simulated and evaluated. Assuming a final SOC of 90%, Figures 5 and 6 show the energy loss and charging time for different charging currents and initial SOCs. In Figure  5 , it can be seen that there is a charging current Ic min for each initial SOC that will have the lowest loss; above this Ic min , the loss will increase monotonically with the charging current. Ic min is a result of efficiency characteristics of the charger in Figure 4 . As expected, charging time will decrease with charging current as shown in Figure 6 in all cases. Figures 7 and 8 show the loss and the charging time as functions of the limit charging voltages. Below a certain threshold for charging current (0.9 C-rate in Figure 7 ) and above a certain threshold for charging time (3500 s in Figure 8 ), the limit charging voltage will have no impact since the voltage limit will never be reached under low current charging. Beyond these thresholds, for a given charging time, a higher voltage requires a lower charging current; on the other hand, for a given charging current, higher voltage corresponds to higher loss. 
Low Loss Charging Algorithm Formulation and Implementation
Based on the simulation and analysis results, a simple minimum loss charging strategy can be formulated. Assume the initial SOC is known, as can be determined by methodologies such as in [5] . For a given charging time constraint t req , assuming the final SOC is set (e.g. 90%), a two-step algorithm can be established: 1) Determine the minimum charging current I min that will satisfy the charging time constraint t req , for the given initial SOC (SOC init ). This step utilizes the results and relationships in Figure 6 ; 2) If I min found in 1) is greater than the Ic min corresponding to the SOC init , then I min should be used; otherwise, the Ic min should be used. The charging algorithm is illustrated in a flowchart in Figure 9 . The key to the algorithm is determining I min and charging voltage limit V lim for a given t req and SOC init . Based on the above analysis, V lim can always be set to the maximum limit V max for the lowest loss; consequently, I min can be determined from the charging current, SOC ini and charging time relationship corresponding to V max . In the example case, ( ) can be established through curve fitting using simulation results similar to Figure 6 for V. In this research, Matlab's Neural Network Fitting Tool was used to establish ( ) as an analytical equation. The resulting neural network structure has as the input, and as the output; the neural network hidden layer has 5 neurons. The neural network structure, together with the weight and bias coefficients, defines the function which can be directly implemented in a real-time charging controller.
The Ic min in Figure 7 as function of SOC init can be represented by a curve, though for the example system, it can be observed as approximately a constant of 0.36 Crate or 23.8 A. Note that since the Ic min corresponds to a small charging current, its dependence on the limit charging voltage can be neglected. Table 2 shows the loss improvement through simulation cases using the proposed algorithm over the full power CC-CV charging for the example system. In all cases, the final SOC is assumed to be 90%. The benchmark case corresponds to the full 50 kW charging, which is fast but also incurs more loss. By controlling the charging current within the required charging time using the proposed algorithm, energy loss can be reduced ranging from 15.7% (0.95 MJ) to 50.7% (3.07 MJ); clearly, the proposed approach benefits both the fast and the slow charging. The savings of 1 MJ correspond to 0.28 kWh or 1.7% of the LEAF usable capacity of 16 kWh. The 15.7% to 50.7% loss reduction translates into an efficiency improvement of 1.6 to 5.3 percentage points, which is significant considering its impact on transportation energy usage. 
Experimental Verification
The battery and charger models and simulations used to develop the minimum loss algorithm involve approximations and assumptions. Therefore, it is important to verify the approach through experiment. The objective of the experiment is to examine whether the battery charging process and energy relationships behave similarly in the experiment as in the simulation. The experiment setup is shown in Figure 10 . The Liion (in this case, LiFePO 4 ) battery is rated at 24V and 40 Ah. A programmable AC-DC power supply (TDKLambda Gen 30-50) rated for 30 V and 50 A is used as the charger, which allows a charging current of up to 1.25 C-rate. The battery management system (BMS) estimates battery capacity, monitors battery current and voltage, and also provides necessary protection. A PC with Labview communicates with the BMS through a CAN Bus module to collect data throughout the entire charging period. The charger efficiency is monitored by a power analyzer during the charging, and the charger energy loss is calculated based on its efficiency. The resistor is for discharge. Figure 10 . Experimental Setup (NI-National Instruments, CAN Bus -controller area network communication bus). Figure 11 shows the measured charging current profiles for several different charging currents in the setup of Figures 10. The CC-CV charging is realized through the programmable power supply in current mode with voltage limit; it starts with a constant charging current and gradually increases the voltage to the limit, where the charging process switches from CC to CV. To avoid the difficulty of accurate SOC estimation, the battery OCVs are used to indicate the starting and ending charging states; all cases in Figure 11 have the same starting and ending OCVs (25.65V to 26.64V, roughly corresponding to SOC from 13% to 88% according to the battery datasheet). Note the second peaks in Figure 11 Measured charger efficiency curves corresponding to the same CC-CV charging scenarios as in Figure 13 . Figure 12 shows the programmable power supply charger efficiency measured by PZ4000. The power supply has a much lower efficiency compared to Figure 4 for the designed charger, but the trend is similar. Clearly, the charger efficiency is a strong function of charging current (or power), with its peak around 85% corresponding to the 50 A case, dropping significantly at lower current. Table 3 summarizes the charging test results. The charged battery energy is practically the same for all cases, verifying their correspondence to the same SOC range. Each element's loss is observed: the battery's loss is positively related to current while the charger's is inversely related; for the combined system considering both, there is a charging current that corresponds to the minimum loss (the 40 A case in Table 3 ). These trends agree with the simulation results (Figures 8 and 9 ), validating the approach for the minimum loss charging scheme. On the other hand, since the charger loss is more dominant in experiment, the resulting minimum loss charging current is high, confirming the importance of the charger in the overall charging scheme.
Conclusion
This paper proposes a minimum loss EV and PHEV charging strategy under a charging time constraint for the combined battery and charger system. Compared to many other complex strategies, the proposed method is easily implementable by simply selecting the optimal charging current and voltage for the common CC-CV charging method. The selection algorithm can be realized using a curve-fitting tool, such as Matlab's Neural Network Fitting Tool. The impact of the charger is shown to significantly contribute to the efficiency and minimum loss charging scheme, but was often neglected in the previous works. The algorithm is tested in simulation, and results show the proposed strategy can benefit both fast and slow charging. The energy loss reduction ranges from 15% for fast charging to 50% for slow charging in selected cases, improving charging efficiency by 1.6 to 5.3 percentage points in the simulated cases. Experimental results showed the actual charging exhibits similar trends to the simulation; and the experiments also verified the existence of a minimum loss charging current and the importance of the charger. 
